Tulppo, Mikko P., Timo H. Mä kikallio, Tapio Seppä nen, Raija T. Laukkanen, and Heikki V. Huikuri. Vagal modulation of heart rate during exercise: effects of age and physical fitness. Am. J. Physiol. 274 (Heart Circ. Physiol. 43): H424-H429, 1998.-This study was designed to assess the effects of age and physical fitness on vagal modulation of heart rate (HR) during exercise by analyzing the instantaneous R-R interval variability from Poincaré plots (SD1) at rest and at different phases of a bicycle exercise test in a population of healthy males. SD1 normalized for the average R-R interval (SD1 n ), a measure of vagal activity, was compared at rest and during exercise among subjects of ages 24-34 (young, n ϭ 25), 35-46 (middle-aged, n ϭ 30), and 47-64 yr (old, n ϭ 25) matched for peak O 2 consumption (V O 2 peak ) and among subjects with V O 2 peak of 28-37 (poor, n ϭ 25), 38-45 (average, n ϭ 36), and 46-60 ml · kg Ϫ1 · min Ϫ1 (good, n ϭ 25) matched for age. SD1 n was higher at rest in the young subjects than in the middle-aged or old subjects (39 Ϯ 14, 27 Ϯ 16, and 21 Ϯ 8, respectively; P Ͻ 0.001), but the age-related differences in SD1 n were smaller during exercise [e.g., 11 Ϯ 5, 9 Ϯ 5, and 8 Ϯ 4 at the level of 100 W; P ϭ not significant (NS)]. The age-matched subjects with good, average, and poor V O 2 peak showed no difference in SD1 n at rest (32 Ϯ 17, 28 Ϯ 13, and 26 Ϯ 11, respectively; P ϭ NS), but SD1 n differed significantly among the groups from a low to a moderate exercise intensity level (e.g., 13 Ϯ 6, 10 Ϯ 5, and 6 Ϯ 3 for good, average, and poor fitness groups, respectively; P Ͻ 0.001, 100 W). These data show that poor physical fitness is associated with an impairment of cardiac vagal function during exercise, whereas aging itself results in more evident impairment of vagal function at rest.
cardiovascular regulation; Poincaré plot MEASUREMENT OF HEART RATE (HR) variability has become a widely used tool for assessing the autonomic input to the heart under various physiological conditions (4-7, 15, 18) . Previous research has suggested that autonomic modulation of HR is influenced by certain physiological factors such as aging and physical fitness. Studies of HR variability have demonstrated a decline in the vagal modulation of HR at rest at an advanced age (15, 18, 25) , but there is little evidence regarding the extent to which these age-associated changes depend on the simultaneous decline in aerobic capacity. Although HR variability has been commonly observed to be related to physical fitness (5) (6) (7) 13) , there is also some controversy regarding this issue (4, 14) . In previous studies HR variability has been measured in standardized supine or upright positions or during routine daily activities, but because the cardiovascular system at rest or in different postures functions at only a fraction of its capacity, results obtained at rest may not completely characterize this system or its regulatory mechanisms. Relatively little information is available on the effects of physiological factors on cardiovascular autonomic function during exercise.
Experimental studies (1, 19, 23) have shown that vagal control of HR plays an important cardioprotective role during exercise. Therefore, it would be important to know whether certain physiological factors have influence on cardiac vagal function during the course of physical exercise. The present cross-sectional study was designed to examine the association of aerobic fitness and aging on vagal modulation of HR during exercise in a random population of healthy males.
METHODS
Subjects. The subjects were recruited by placing a notice in a newspaper, which attracted 210 replies. The subjects were interviewed with a standardized scheme to ascertain their medical histories and levels of physical activity. All smokers, subjects with high body mass index (Ͼ27), and those with diabetes mellitus or cardiovascular disorders were excluded. We invited 130 subjects to our laboratory for a more specific assessment of physical status and excluded 13 subjects on account of various relative contraindications for the maximal exercise test. We tested 117 subjects and excluded 7 from the final analysis because of the number of artifacts or ectopic beats in data acquisition. Finally, 110 male subjects (age 41 Ϯ 11 yr) were included in the analysis. The population was divided into tertiles according to age and aerobic fitness. The different age tertiles were matched for fitness, and the different aerobic fitness tertiles were matched for age (Tables  1 and 2 ). The protocol was approved by the ethics committee of the Merikoski Rehabilitation and Research Center, and all subjects gave informed consent.
Protocol. Measurements of HR variability and oxygen consumption were made on all the subjects at rest and during incremental exercise on a bicycle ergometer. The subjects were not allowed to eat or drink coffee for 4 h before the test, and vigorous exercise and alcohol were forbidden for 48 h before the day of testing. All the tests were performed between 8:00 AM and 2:00 PM. The subjects stayed in a supine position in a quiet room for 30 min, after which R-R intervals (30 min) and blood pressure were measured in a supine position. The R-R intervals for the last 2 min of each load were analyzed during the exercise test. Twelve of the subjects repeated the test protocol four times (with four days of recovery in between) to ascertain the reproducibility of the measurement of HR variability at rest and during exercise. (16) .
Measurement and analysis of HR variability. The R-R intervals were recorded (Polar R-R Recorder, Polar Electro) at a frequency of 1,000 Hz (17) and saved in a computer for further analysis of HR variability with Heart Signal software (Kempele, Finland). The R-R interval series was passed through a filter that eliminates undesirable premature beats and noise. An R-R interval was interpreted as a premature beat if it deviated from the previous qualified interval by Ͼ30%. All the R-R intervals were edited automatically, and then by visual inspection, to exclude all the undesirable beats, which accounted for Ͻ1% in every subject. The details of this analysis and the filtering technique have been described previously (9, 10 ). An autoregressive model was used to estimate the power spectrum densities of R-R interval variability (9, 10) . The high-frequency (HF; 0.15-0.40 Hz) component of power spectral analysis (HF power) was calculated as the square root of HF power and then divided by mean
The Poincaré plot is a diagram (scattergram) in which each R-R interval of a tachogram is plotted as a function of the previous R-R interval. The Poincaré plots were analyzed quantitatively. This quantitative method of analysis is based on the notion of different temporal effects of changes in the vagal and sympathetic modulation of the HR on the subsequent R-R intervals without a requirement for a stationary quality of the data (22) . The computerized analysis entails fitting an ellipse to the plot, with its center coinciding with Fig. 1 . Two-dimensional (2-D) vector analyses of Poincaré plots for 2 subjects. A: subject with good aerobic fitness (age ϭ 35 yr, V O 2 peak ϭ 45 ml · kg Ϫ1 · min Ϫ1 ) at rest and during exercise (100 W). B: subject with poor aerobic fitness (age ϭ 29 yr, V O 2 peak ϭ 34 ml · kg Ϫ1 · min Ϫ1 ) at rest and during exercise. A: example of 2-D vector analysis of a Poincaré plot in subject at rest. Standard deviation of instantaneous beat-to-beat R-R interval variability (SD1) is short diameter of ellipse (axis 1), and standard deviation of continuous R-R interval variability (SD2) is long diameter (axis 2). SD1 is almost identical in these 2 subjects at rest (left) but is significantly higher in subject with good aerobic fitness during exercise (right). HR, average heart rate. Each R-R interval (R-R n ϩ 1 ) is plotted as a function of previous R-R interval (R-R n ). (Fig. 1A, left) . Axis 2 shows the slope of the longitudinal axis, whereas axis 1 defines the transverse slope, which is perpendicular to axis 2. In the computerized analysis, the Poincaré plot is first turned 45°c lockwise, and the standard deviation of the plot data is then computed around the horizontal axis (axis 2), which passes through the data center (SD1). SD1 shows the instantaneous beat-to-beat variability of the data. The standard deviation of continuous long-term R-R intervals is quantified by turning the plot 45°counterclockwise (SD2) and by computing the data points around the horizontal axis (axis 1), which passes through the center of the data. SD1 and SD2 were calculated as absolute values and in normalized units (SD1 n and SD2 n , respectively), obtained by dividing the absolute value by the average R-R interval and then multiplying by 1,000.
Statistical methods. Normal Gaussian distribution of the data was verified by the Kolmogorov-Smirnov goodness-of-fit test. Whenever the data were not normally distributed (Z value Ͼ1.0), the Kruskal-Wallis H test was used, followed by post hoc analysis (Mann-Whitney U-test). Otherwise, analysis of variance was used and the differences between the mean values were tested for significance using the unpaired t-test. Reproducibility was estimated according to the recommendations of Bland and Altman (2) . This method consists of calculating the means of the repeated measures and the standard deviation of the differences and plotting the difference between the measurements as a function of the mean value for each subject. The smaller the confidence interval of the difference, the better the reproducibility. The Friedman's randomized-block analysis of variance was used to compare the paired data. The exercise intensity level at which the instantaneous beat-to-beat R-R interval variability (SD1) reached its minimum during the exercise was defined as the first exercise intensity level of two consecutive points at which SD1 decreased by Ͻ1 ms between two exercise intensity levels.
RESULTS

Age and vagal modulation of HR.
The mean HR and mean values for SD1 n and HF power in the young, middle-aged, and old age groups during exercise are shown in Fig. 2 . The individual values for SD1 n at rest and at the level of 100 W are shown in Fig. 3A . HR did not differ among the three age groups at rest (59 Ϯ 8, 58 Ϯ 7, and 56 Ϯ 8 beats/min for young, middle-aged, and old subject groups, respectively) but was lower in the old than in the younger subjects at the submaximal and maximal exercise levels ( Fig. 2A) . Two-dimensional vector analysis of the Poincaré plots showed the mean values for SD1 n (Fig. 3A) and SD2 n (116 Ϯ 29 vs. 80 Ϯ 21; P Ͻ 0.001) to be significantly higher in the younger than in the older subjects at rest as well as during exercise up to an exercise intensity of 75 W (Fig.  2B) . The mean value of the HF power (32 Ϯ 12 vs. 17 Ϯ 7 CCV%; P Ͻ 0.001) was significantly higher in the younger than in the older subjects at rest as well as during exercise up to an exercise intensity of 75 W (Fig.  2C) . SD1 decreased progressively to 1.79 Ϯ 0.32, 1.74 Ϯ 0.32, and 1.70 Ϯ 0.35 l/min in the young, middle-aged, and old subject groups, respectively, during the graded exercise (P ϭ NS).
Fitness and vagal modulation of HR. The mean HR and mean values for SD1 n and HF power in the good, average, and poor fitness groups during exercise are shown in Fig. 4 . The individual values for SD1 n at rest and at a level of 100 W are shown in Fig. 3B . The mean HR was significantly lower in the good than in the poor fitness group at rest (54 Ϯ 5 vs. 62 Ϯ 7 beats/min; P Ͻ 0.001) and during submaximal exercise but not at the end of the exercise (Fig. 4A) . SD1 n or HF power (27 Ϯ 14, 23 Ϯ 10, and 22 Ϯ 11 CCV% for good, average, and poor fitness groups, respectively) did not differ significantly at rest among the different fitness groups (Fig.  3B ). SD1 n and HF power during exercise were significantly higher in the good than in the poor fitness group up to the level of 150 W (Figs. 4B and 4C ). SD2 n did not differ among the three fitness groups at rest, but SD2 n during exercise was significantly higher in the good than in the poor fitness group at the levels of 100 and 125 W (P Ͻ 0.01). SD1 decreased progressively to (SD1 n ; B) , and highfrequency (HF) power of spectral analysis (HF power) normalized for average R-R interval (CCV%; C) in 3 age groups (fitness-matched) during exercise. Values are means Ϯ SD. Kruskal-Wallis H-tests were used at each exercise intensity level (among all 3 groups) followed by post hoc analysis (Mann-Whitney U-test) between young group and old group. xx P Ͻ 0.01 and xxx P Ͻ 0.001 for young group compared with old group. ns, Not significant.
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HEART RATE VARIABILITY AND FITNESS by 10.220.33.6 on October 30, 2017 http://ajpheart.physiology.org/ 1.90 Ϯ 0.28, 1.74 Ϯ 0.28, and 1.56 Ϯ 0.38 l/min in the good, average, and poor fitness groups, respectively, during the graded exercise, and that point was at a significantly lower O 2 consumption level in the poor than in the good fitness group (P Ͻ 0.01). Examples of Poincaré plots for subjects with good and poor aerobic fitness are shown in Fig. 1 .
Reproducibility of Poincaré plot analysis. The differences among 4 measurements of SD1 in the case of 12 subjects are plotted as a function of each subject's mean value at rest and during exercise in Fig. 5 . The confidence interval (95%) of the difference for SD1 n was Ϯ 5.3 at rest and decreased during exercise, i.e., Ϯ3.3 and Ϯ2.2 for 50 and 75 W, respectively. The confidence interval (95%) of the difference for HF power was Ϯ 4.4 at rest and also decreased during exercise, i.e., Ϯ 3.8 and Ϯ 2.2 CCV% for 50 and 75 W, respectively. No significant differences among the days of measurement were found in HF power or in the two-dimensional vector analysis parameters at rest or during exercise.
DISCUSSION
There are two new findings in this study. First, middle-aged subjects with good aerobic fitness have enhanced cardiac vagal function during exercise compared with subjects with poor physical fitness. Second, aging itself does not result in significant impairment in vagal function during exercise despite reduction in vagal modulation of HR at rest. Together, these findings may provide insight into the cardioprotective role of physical fitness in middle-aged subjects.
Age and vagal modulation of HR. The present results confirm previous observations that aging results in a reduction in respiratory vagal modulation of HR at rest and show that this reduction seems to be independent of any impairment of physical fitness. Less profound age-related differences were observed in instantaneous HR variability in the course of exercise, showing that aging itself entails a less marked impairment of cardiac Fig. 3 . Individual (s) and mean Ϯ SD (r) values for SD1 n at rest and during exercise (100 W). A: subjects categorized according to age and matched for peak O 2 consumption (V O 2 peak ). B: subjects categorized according to aerobic fitness and matched for age. Kruskal-Wallis H-tests were used, followed by post hoc analysis (Mann-Whitney U-test) among groups. xx P Ͻ 0.01 and xxx P Ͻ 0.001 between groups indicated. Fig. 4 . HR (A), 2-D vector analysis of Poincaré plots (SD1 n ; B), and HF power (C) in 3 fitness groups (age-matched) during exercise. Values are means Ϯ SD. Kruskal-Wallis H-tests were used at each exercise intensity level (among all 3 groups) followed by post hoc analysis (Mann-Whitney U-test) between good fitness group and poor fitness group. x P Ͻ 0.05, xx P Ͻ 0.01, and xxx P Ͻ 0.001 for good fitness group compared with poor fitness group. ns, Not significant.
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HEART RATE VARIABILITY AND FITNESS by 10.220.33.6 on October 30, 2017 http://ajpheart.physiology.org/ vagal modulation during physical exercise. The results also confirm previous observations (22, 24) that vagal modulation disappears at the level of 50-60% of maximal O 2 consumption, whereafter the increase in HR is mainly mediated by sympathetic activation. The exercise level at which instantaneous R-R interval variability disappeared was not related to age, suggesting that advanced age may not result in adverse sympathovagal balance during physical exercise unless concomitant impairment of aerobic capacity occurs with aging.
Physical fitness and vagal modulation of HR. It is widely assumed that good physical fitness and regular exercise training induce adaptation of the autonomic nervous system, which is most commonly observed in the form of a decrease in basal HR at rest. This is thought to be mediated in part by an increase in cardiac vagal tone. Although it is commonly assumed that cardiac vagal tone is increased in well-trained individuals, this is a somewhat controversial matter. Studies (5-7, 13) comparing athletes and age-matched sedentary subjects have mostly observed higher HR variability in trained individuals than in controls, but Lazoglu et al. (14) did not find significant differences in 24-h HR variability between cyclists and sedentary controls. Controversial results may be due to differences in the baseline characteristics among the study populations and in the methodology of analysis of HR variability. Previous studies may be partly influenced also by differences in life-style habits other than physical fitness itself between well-trained athletes and sedentary control subjects, because a population-based crosssectional study (4) did not observe any significant relationship between maximal O 2 consumption and HR variability measured in subjects at supine, seated, or standing postures. The present results in a random population of healthy males also demonstrate that there are no significant differences in HR variability at rest between the subjects with poor and good physical fitness despite significant differences in basal HR. However, subjects with better exercise capacity have significantly higher vagal modulation of HR during exercise than those with poor physical fitness, and the exercise intensity level at which their vagal modulation disappears is also significantly higher, supporting the concept that cardiac vagal function is related to aerobic fitness in middle-aged subjects.
Reproducibility of Poincaré plot analysis. HR variability generally has rather poor reproducibility when measured from short-term electrocardiogram recordings at rest (3), because it can potentially be influenced by factors such as the time of day, food intake, mental state, etc., when measurements are repeated on successive days. Exercise causes a marked alteration in autonomic function, with a gradual vagal withdrawal followed by sympathetic activation. The repeated tests performed in the present study showed that the measurement of vagal modulation of HR is more reproducible during exercise than at rest, possibly because the profound effects of the exercise itself on autonomic function minimize the influence of other confounding factors.
In conclusion, the main finding of this study, i.e., that physical fitness is related to vagal modulation of HR during exercise independent of aging, provides further evidence that good aerobic fitness has beneficial effects on cardiovascular autonomic function. Experimental data have shown that vagal activity prevents ventricular fibrillation during exercise (1, 19, 23) and that exercise training confers anticipatory protection from sudden death by enhancing cardiovascular autonomic function (12) . There is also experimental and clinical evidence that augmented sympathetic outflow is related to arrhythmogenesis and cardiovascular morbidity and mortality (20, 21) . Rapid loss of vagal activity followed by sympathetic activation during mild-tomoderate exercise intensity may be one potential mechanism for adverse clinical events, and the present data support the concept that good aerobic fitness may exert cardioprotective effects by enhancing the cardiac vagal function during exercise.
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